Background: The recent emphasis on anatomic reconstruction of the anterior cruciate ligament (ACL) is well supported by clinical and biomechanical research. Unfortunately, the location of the native femoral footprint can be difficult to see at the time of surgery, and the accuracy of current techniques to perform anatomic reconstruction is unclear.
Anterior cruciate ligament (ACL) reconstruction is one of the most commonly performed orthopaedic surgeries, with over 175,000 procedures performed in the United States annually. 22 Despite vast improvements in arthroscopic techniques and instrumentation, 8 clinical failures, 4, 40, 53, 55, 57, 58 graft ruptures, 6, 50 and the eventual development of osteoarthritis in the knee 42, 48 remain important complications of surgery. Consequently, over the last 2 decades, there has been renewed interest and extensive research on the precise anatomy of the ACL. [13] [14] [15] [16] 27, 30, 37, 44, 64 Contemporary techniques focus on restoring each patient's individual anatomy by placing the graft within the ACL's native femoral and tibial footprints 2, 7, 19, 28, 34 to re-establish the dynamic function of the ligament. ''Anatomic'' ACL reconstruction 20, 60, 62 has been shown to better restore native knee kinematics, improve rotational stability, 25, 29, 49, 63 and possibly decrease the risk of subsequent osteoarthritis. 1, 43 A major obstacle in performing anatomic ACL reconstruction is identifying the correct position of the femoral tunnel. 40, 41 Because most ACL ruptures occur off the femoral attachment site, 38 visualizing the femoral footprint at the time of surgery can be difficult or even impossible. Most surgeons therefore use a combination of anatomic landmarks such as the lateral intercondylar ridge, 16, 19, 30 bifurcate ridge, 16 or apex of the deep cartilage 27 to help guide tunnel placement. A sundry of femoral tunnel guides and general ''rules of thumb'' such as the clockface 14, 39 or percentage of the proximal-to-distal length of the lateral intercondylar notch wall 3, 5, 17, 46 are also used to provide an approximate location for tunnel placement. Unfortunately, anatomic landmarks are not always easily identified, even more so in the context of notchplasty or revision surgery. Furthermore, femoral guides as well as the clockface and other rules of thumb have been shown to be inaccurate 12, 18, 23 and do not account for the individual variations in anatomy between patients. 54 In fact, the ACL's location is likely more variable from one patient to the next than previously thought. 36, 51 With this in mind, how anatomic are current techniques? An assessment of truly anatomic ACL reconstruction requires a means to determine the location of each patient's graft in relation to the native footprint on the lateral femoral intercondylar wall.
Three-dimensional magnetic resonance imaging (3D MRI) uses tightly spaced images to acquire an isotropic sequence whereby the ACL's femoral footprint can be clearly visualized. 24, 33 The objective of this study was to use 3D MRI to prospectively evaluate patients with torn ACLs before and after anatomic reconstruction performed by 4 experienced sports medicine surgeons and thereby assess the accuracy of graft position on the femoral condyle in comparison to each patient's native ACL footprint. We hypothesized that contemporary techniques for anatomic ACL reconstruction would result in accurate graft placement within the native femoral footprint.
METHODS

Study Protocol
Institutional review board approval was obtained before commencing the study. Patients between the ages of 16 and 60 years with a suspected ACL injury with clinical instability based on history and physical examinations were prospectively recruited into the study by our research coordinator. Patients with suspected multiligamentous injuries, prior knee arthroscopic examinations or surgery, inflammatory arthropathy, previous steroid injections into either knee, and bony avulsion-type injuries of the ACL were excluded from the study. Each patient underwent conventional MRI of the injured knee as part of a standard preoperative work-up in addition to 3D MRI of both the injured and uninjured knees. The uninjured knee was used to define each patient's native ACL anatomy because we were unsure it could be visualized on the injured knee.
Patients who did not demonstrate evidence of an ACL injury on MRI were removed from the study.
2D and 3D MRI were performed at the same appointment on a 1.5-T TwinSpeed Excite high-definition MRI scanner (GE Medical Systems). The knees were positioned in near full extension, and an 8-channel high-definition surface coil was applied. For 3D MRI, an oblique-coronal proton density sequence along the plane of the ACL was acquired with slice gaps of 0.6 mm. 24 The mean scanning time was 45 minutes including 2D MRI of the injured knee and 3D MRI of bilateral knees.
After preoperative imaging, patients underwent anatomic ACL reconstruction by 1 of 4 experienced sports fellowshiptrained orthopaedic surgeons at our hospital. The surgeons were provided with standard MRI scans of the injured knee but were blinded to the 3D MRI scans of either knee. Each surgeon has performed over 1000 ACL reconstructions and performed anatomic reconstruction using their preferred method (Table 1) . One surgeon used an accessory anteromedial portal to drill the femoral tunnel, 10 a second surgeon drilled through a standard anteromedial portal 26 with a flexible drill system, 2 while the other 2 employed a modified transtibial technique 45 to perform anatomic ACL reconstruction. All 4 surgeons used a quadrupled hamstring autograft with the same cortical button-type fixation (Endobutton; Smith & Nephew) on the femoral side and interference screw fixation on the tibial side (BIORCI; Smith & Nephew). One surgeon used flexible reamers with a Clancy femoral guide (CLANCY Anatomic Cruciate Guide; Smith & Nephew), while the remaining 3 surgeons employed rigid instruments with an over-the-top femoral guide (ACUFEX DIRECTOR; Smith & Nephew). At a minimum of 6 weeks after surgery, the reconstructed knee underwent reimaging with 3D MRI.
Femoral Footprint Analysis
While the conventional 2D MRI sequences were confined to a single predefined viewing plane, high-resolution 3D MRI allowed for multiplanar reconstruction so that the ACL could be viewed along its course ( Figure 1 ). Reconstruction permitted visualization of the ACL footprint and its center point. The scans were acquired in the coronal-oblique plane, perpendicular to the Blumensaat line. Multiplanar reconstructions and measurements were performed on a PACS workstation with embedded multiplanar software (InteleViewer; Intelerad Medical Systems). The boundaries of the native ACL of the uninjured knee and postoperative ACL graft were visualized with coronal-oblique and sagittal-oblique scans ( Figure 2 ).
The primary and secondary outcomes were the distance between the centers of the graft and native femoral footprint and percentage overlap of the graft versus native femoral footprint, respectively. The dimensions of the femoral footprint and coordinates of its center with respect to the apex of the deep cartilage were recorded on all 3D MRI scans including the injured, uninjured, and reconstructed knees. The percentage overlap of the native ACL footprint (from the contralateral uninjured knee) and postoperative ACL graft footprint were calculated using an application for scientific imaging analysis (Visio; Microsoft).
Statistical Analysis
The sample size was predetermined to detect an error distance between the graft and native femoral footprint centers of 0.8 mm, which is approximately 10% of the width of the average graft. Based on the work of Scanlan et al, 51 the root-mean-square difference of the footprint center between contralateral knees in a healthy population is 1.2 mm. Furthermore, the mean error reported by Han et al 24 comparing measurements from 3D MRI to dissected specimens was 1.5 mm. To obtain a standard error of less than 0.8 mm, a minimum of 28 patients were needed ([3 mm 1 1.2 mm]/0.8 mm). 2 Descriptive statistics and the Student t test were used to report and compare the position of the native and reconstructed femoral footprints as well as the difference between the two (error distance), respectively. A KruskalWallis 1-way analysis of variance and box plot were then used to compare the error distances between the 4 surgeons. Finally, descriptive statistics were used to report the percentage overlap between the native and reconstructed femoral footprints.
RESULTS
A total of 45 patients were recruited into the study from November 2014 to May 2016. The mean age was 31 years, 27 patients were male, and the mean time from the ACL injury to surgery was 12 months. Four patients were excluded from analysis: 1 had a significant motion artifact on 3D MRI that precluded analysis, 2 had incomplete imaging, and 1 patient had a normal MRI scan and did not undergo ACL surgery. All 41 remaining patients had complete imaging and underwent uneventful ACL reconstruction with a mean graft size of 8 mm (2 surgeons each operated on 11 patients, 1 surgeon operated on 10 patients, and 1 surgeon operated on 9 patients).
Visualization of the femoral footprint was possible in 13 (32%) patients. The 2 factors that precluded an accurate assessment of the footprint in the injured knee were complete ligamentous avulsions from the femoral insertion (femoral peel-off) and acute tears (within 4-8 weeks of the scan) in which significant bone edema obscured an accurate reading of the footprint. In the 13 patients who had visible femoral footprints, a comparison to the contralateral (uninjured) knee demonstrated a mean side-to-side error distance of 1.5 6 0.7 mm. The position of the native and reconstructed footprints for each patient was compared using a scaled schematic diagram (Figure 3 ). The center of the native ACL femoral footprint (measured from the uninjured knee) was a mean 12.0 6 2.6 mm distal and 9.3 6 2.2 mm anterior to the apex of the deep cartilage. The position of the reconstructed graft was significantly different, with a mean distance of 10.8 6 2.2 mm distal (P = .02) and 8.0 6 2.3 mm anterior (P = .01). The mean distance between the center of the graft and the center of the native ACL femoral footprint (error distance) was 3.6 6 2.6 mm (median, 3.7 mm; range, 0-9.3 mm). There were 7 patients with errors less than 1 mm, 10 patients with errors between 1 and 2 mm, 5 patients with errors between 2 and 4 mm, 14 patients with errors between 4 and 8 mm, and 5 patients with errors greater than 8 mm. Comparing error distances among the 4 surgeons demonstrated no significant difference using the Kruskal-Wallis 1-way analysis of variance (P = .10) with a box plot ( Figure  4) . Furthermore, comparing patients who were reconstructed using an independent femoral (21 patients) versus a transtibial (20 patients) drilling technique also did not show a significant difference in errors (P = .07).
The mean area of the native and reconstructed femoral footprints was 1.02 cm 2 and 0.60 cm 2 , respectively, which were significantly different (P \ .001). A scaled schematic diagram demonstrating the orientation and position of the native and reconstructed footprints for each patient is shown in Figure 5 . On average, 67% of the graft overlapped with the native ACL femoral footprint. Of the 41 patients, 12 (29%) had more than half of the graft placed outside the native ACL footprint. 
DISCUSSION
Despite a plethora of research describing techniques for anatomic ACL reconstruction, very few studies 51 have evaluated the ability of such procedures to actually reproduce each patient's native anatomy. The present study used 3D MRI, with a previously described isotropic sequence, to prospectively visualize the femoral footprint of the ACL before and after surgery in 41 patients and thereby compare the location of the native and reconstructed ligaments. Using contemporary techniques with a concerted effort to perform anatomic ACL reconstruction, 4 experienced sports orthopaedic surgeons positioned their grafts with a mean error of 3.6 mm from the native femoral footprint. Overall, 29% of the grafts were placed with more than half their area outside the native ACL femoral footprint. Moreover, the distribution of error distances was almost identical between the surgeons, despite the fact that they employed different techniques for their reconstructions. Considering the mean graft size was 8 mm, a mean error of 3.6 6 2.6 mm (median, 3.7 mm; range, 0-9.3 mm) is a magnitude of definite clinical interest. Kato et al 32 demonstrated vastly inferior knee kinematics when single-bundle reconstruction was not placed in the center of the femoral or tibial footprint using a porcine model. An in vivo assessment of isolated posterolateral bundle reconstruction using intraoperative navigation similarly demonstrated poorer kinematics compared with combined anteromedial and posterolateral bundle reconstruction. 35 Our findings therefore suggest that current techniques are inadequate in restoring each patient's native femoral anatomy with a potential corollary of commensurate shortcomings in outcomes.
With renewed interest in the anatomy of the ACL, recent studies have demonstrated that the size, morphology, and location of the femoral footprint are quite variable. 14, 36, 51 For example, Kopf et al 36 evaluated the femoral footprint during arthroscopic surgery of 137 patients undergoing ACL reconstruction during the first 6 months after an injury. They found that the maximum width of the ACL insertion sites varied considerably, ranging from 12 to 22 mm. Similarly, Scanlan et al 51 used MRI and 3D modeling techniques to determine the in vivo tibiofemoral ACL footprint centers. Their study demonstrated little variation between knees of the same patient but much larger variations from one patient to the next. Edwards et al 14 characterized the femoral footprints of 22 cadaveric specimens and highlighted the vast morphological variation in footprints between specimens. The variability in femoral footprint size, morphology, and location are strongly supported in the present study. While the mean location within the lateral intercondylar wall is in line with the classic location described elsewhere, the SD in the anterior-to-posterior and proximal-to-distal directions was 2.6 mm and 2.2 mm, respectively. Consequently, anatomic graft placement should be performed and evaluated on an individual basis, guided by the patient-specific locations of the ACL footprint rather than by rules of thumb 3, 5, 17, 46 based on normative population reference values.
In a comparable study by Scanlan et al, 51 3D models were derived from MRI scans of 30 patients after transtibial anatomic ACL reconstruction. Similar to the present study, the contralateral (healthy) knee was also imaged and used as the control to define the native anatomy. They found that the mean error distance between the native and reconstructed femoral footprints was 5.6 mm, which is similar to our finding of 3.6 mm. Furthermore, their study imaged bilateral knees in 30 normal patients to demonstrate a side-to-side difference in the ACL femoral footprint position of only 1.2 mm. We demonstrated a similar mean side-to-side difference of 1.5 6 0.7 mm in the subset of patients in which the femoral footprint of the injured knee could be visualized and compared with the uninjured knee. Quantifying the expected symmetry between knees justifies the use of the contralateral (uninjured) knee to determine the position of the native footprint. Numerous cadaveric 21, 31, 59 and clinical 9,40 studies have suggested that independent femoral drilling provides a more anatomic reconstruction compared with transtibial drilling. It affords the surgeon more freedom in tunnel placement without compromising the tibial tunnel position, graft orientation, and length. Unfortunately, few clinical advantages have been reliably demonstrated. In the meta-analysis performed by Riboh et al, 47 15 studies comparing transtibial and independent femoral drilling techniques were analyzed. The latter led to a marginal biomechanical improvement in anterior tibial laxity and simulated pivot shift but no significant improvement in clinical outcome measures. In our study, an almost equal proportion of patients were reconstructed with transtibial and independent femoral drilling techniques. Interestingly, the error distances between the native and reconstructed femoral footprints were similar between both groups of patients (P = .07). We hypothesize that anatomic placement of the femoral tunnel is possible using both techniques. The major challenge in both cases is knowing how to individualize graft placement for each patient. Moreover, the notion that a more anatomic reconstruction translates into improved functional outcomes and reduced failure rates remains elusive. 11 Future research may utilize 3D MRI to study the relationship of graft position, morphology, and orientation with functional outcomes and reinjury rates.
The present study emphasizes the limitations of current techniques to reproduce the anatomic femoral footprint and proposes a means of imaging the footprint of an intact or reconstructed ACL using 3D MRI. While graft placement errors were similar among the 4 surgeons, the present study may be underpowered to detect such a difference between surgeons or techniques. Another limitation of our study was that we could only visualize the femoral footprint in approximately one-third of patients on the injured knee and therefore used the contralateral knee as the reference for each patient's native footprint. Future work and refinement of the 3D MRI sequence may enable visualization of the footprint of the injured knee (rather than the contralateral knee). Such advancement would greatly facilitate the adoption of 3D MRI for preoperative imaging and surgical planning. An anatomic landmark such as the apex of the deep cartilage, which is readily identifiable on both 3D MRI and during arthroscopic surgery, could be used to reference the desired location of the footprint. 27 In such a scenario, 3D MRI of the injured knee could be used preoperatively to determine a patient's native footprint and serve as a roadmap during surgery for a truly patient-specific reconstruction.
CONCLUSION
Despite contemporary techniques and a concerted effort to perform anatomic ACL reconstruction by 4 experienced sports orthopaedic surgeons, the position of the femoral footprint was significantly different between the native and reconstructed ligaments. Furthermore, each of the 4 surgeons used a different technique, but all had comparable errors in their tunnel placements. To achieve a truly anatomic reconstruction, surgeons may consider using preoperative 3D MRI, which enables excellent visualization of the ACL's native anatomy and could potentially be used as a roadmap to guide anatomic tunnel placement.
